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In Vivo Monitoring of Cutaneous Edema using
Spectral Imaging in the Visible and Near Infrared
Georgios N. Stamatas1, Michael Southall2 and Nikiforos Kollias1
Tissue inflammation is often accompanied by local interstitial fluid accumulation expressed as edema. Edema
can be the manifestation of infection, lymphatic blockage, wound healing, or even cancer, and is typically
graded visually. Here we demonstrate that the edema reaction can be objectively quantitated in vivo by the use
of spectral imaging. To this end we applied the method on a histamine-induced cutaneous edema model.
Apparent concentrations of oxy-hemoglobin, deoxy-hemoglobin, and water were calculated for each pixel of a
spectral image stack. These values were used to construct concentration maps for each of these molecules as
well as an intensity map of an optical tissue-scattering parameter. The oxy-hemoglobin and the tissue water
maps are two-dimensional quantitative representations of the skin areas involved in erythema and edema,
respectively. These maps demonstrated characteristics of the wheal-and-flare reaction and their gray-level
intensities were dependent on the applied histamine dose. We conclude that spectral imaging can be a valuable
noninvasive tool in the study of edema pathology and can be used to monitor the edema reaction in vivo or
follow the efficacy of treatments in a clinical setting.
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INTRODUCTION
Under physiological conditions excess of fluid leaking from
blood vessels to interstitial tissue spaces is removed by the
lymphatic system. Even under increased capillary pressure,
such as in some cases of mild inflammation, the lymphatic
system is able to alter the lymph flow rate in order to avoid
interstitial fluid accumulation in the tissue and the resulting
edema (tissue swelling). This ability of the lymphatic system
for self-regulation has been recognized since the late 19th
century (Taylor, 1981).
In the case of a dysfunctioning lymphatic system, such
as that following lymphatic blockage due to infection,
an imbalance in interstitial fluid can occur, which leads to
fluid accumulation in the tissue clinically expressed as
edema. Edema may also result from trauma, surgery, cancer,
radiotherapy, tissue grafting, and transplantation, and may
also be congenital (Pressman, 1998; Petrek et al., 2000). In
addition, edema may arise from increased permeability of
the blood microcirculation, for example, due to hyperten-
sion, leading to increased interstitial osmotic force. Of major
importance for the evaluation of successful treatments is
the need for a reliable objective method for monitoring
physiological parameters relevant to edema. Such measure-
ments may be decisive for the success of the treatment
(Ramos et al., 1999).
Evaluation of edema has typically been performed by
visual inspection by a trained physician using a four-level or,
more commonly, a two-level grading (Drager et al., 2003).
Quantitative evaluation of edema on legs has been reported
using water displacement volumetry (Lund-Johansen et al.,
2003). Optical coherence tomography (OCT) has also been
employed in edema evaluation based on the signal attenua-
tion coefficient in the upper dermis (Welzel et al., 2003). The
recorded light-scattering signal in the upper dermis is lower
for edematous skin sites than for noninvolved sites, which is
attributed to a reduction in the collagen fiber density on the
edematous dermis. Other reported methods for measurement
of edema include circumferential measures (Ramos et al.,
1999), skin tonometry, and deep tissue imaging techniques,
including nuclear magnetic resonance imaging (MRI) (Albers
et al., 2001), X-ray computed tomography (CT) (Buhmann
and Kretschmann, 1998), positron emission tomography
(PET), and ultrasound (Ohno et al., 2002). Circumferential
measurements and water displacement volumetry are the
most frequently used methods, but have problems with
reliability (Gerber, 1998; Lund-Johansen et al., 2003). The
imaging techniques mentioned above are more reliable
(Bourgeois et al., 1998) but costly.
Interstitial fluid accumulation is directly related to extra-
cellular water accumulation in the tissue. Water absorbs
near-infrared (NIR) radiation in a wavelength-dependent
manner. Using this optical property of water, Shibata et al.
(1999) were able to quantitatively assess pulmonary edema
in vivo using NIR spectroscopy. A similar spectroscopic
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method was proposed to monitor swelling of nasal cavities
following allergen provocation (Hampel et al., 2004).
Taking advantage of the characteristic absorption spectra
of hemoglobins in the visible and NIR, we have previously
reported the use of spectral imaging at selected wavelength
bands to calculate quantitative chromophore distribution
maps for oxy-hemoglobin (oxy-Hb), deoxy-hemoglobin
(deoxy-Hb), and melanin, and a distribution map of a light-
scattering parameter in skin (Stamatas et al., 2003).
In this study, we evaluate the feasibility of monitoring
edema-related parameters in vivo using spectral imaging in a
well-established cutaneous edema model. In particular we
show that spectral imaging at selected wavelength bands
provides the necessary information for simultaneous moni-
toring of chromophore concentration maps, including oxy-
Hb, deoxy-Hb, and water accumulation in edematous sites.
The method presented here can easily be adapted for edema
monitoring in a clinical setting.
RESULTS
Edema induction and confirmation of inflammation
The volar forearms of eight volunteers were treated with
various doses of histamine (0–0.1% w/v) delivered through
the skin by iontophoresis. At about 10–15 minutes following
histamine iontophoresis, edema became noticeable in a
dose-dependent manner (Figure 1a). After 20 minutes the
reaction reached a plateau that lasted for about 1 hour. At low
histamine concentrations (0–0.001% w/v) the edema reaction
was absent or limited to perifollicular swelling, whereas at
higher concentrations swelling covered the entire area where
the iontophoretic current was applied. Erythema initially
proceeded edema in perifollicular regions. When the reaction
was fully developed (20 minutes after treatment) the erythema
extended beyond the edematous areas (Figure 1b), character-
istic of the typical wheal-and-flare reaction. The rate of
development of the flare was independent of histamine
concentration. However, the area of the flare and the area of
the wheal when the reaction reached the plateau depended
on histamine dose (Figure 1c). In a similar experiment,
Petersen et al. (1997) have detected histamine in the wheal
but not in flare, implying that the flare is a neurogenic reflex.
We were able to block the histamine-induced neurogenic
reaction by applying topically a solution of 2% lidocaine for
30 minutes before histamine iontophoresis. We confirmed the
dose-dependent manner of the inflammatory reaction by
measuring prostaglandin E2 (PGE2) extracted from lipid-
absorbing adhesive patches applied on the skin surface
before and 30 minutes after iontophoresis (Figure 1d). PGE2
concentration significantly increased with increasing hista-
mine dose for concentrations higher than 0.001% w/v.
Spectral measurements of erythema and edema
Our approach is based on imaging the same field of view at
particular narrow wavelength bands. Features of the absorp-
tion spectra of chromophores intrinsic to the tissue (see Figure
S1) provide the means for contrast at the corresponding
narrow-band images. Thus, in the image of the bands
centered at 560 nm (Figure 2a) and 580 nm (Figure 2b),
where both deoxy-Hb and oxy-Hb absorb strongly, the dark
areas correspond to absorption due to higher blood con-
centration in the dilated capillaries of the erythematous areas
compared to the surrounding uninvolved skin. This absorp-
tion of the green–yellow part of the spectrum is manifested as
the characteristic redness of erythema. At this wavelength
range light penetration is limited to a few hundred micro-
meters (Anderson and Parrish, 1981; Svaasand et al., 1995).
Spectral images corresponding to the bands centered at
600 nm and above (e.g., at 700 nm (Figure 2c) and at 970 nm
(Figure 2d)) appear to be brighter than the ones at 560 and
580 nm (see the whole series of spectral images acquired in
Movie S1). This is because both hemoglobins and melanin do
not absorb strongly in this part of the spectrum and light can
travel deeper in the tissue up to a few millimeters without
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Figure 1. Histamine iontophoresis induces a dose-dependent wheal-and-
flare reaction. (a) The edema reaction was localized at the area where the
iontophoresis electrodes had been in contact with the skin. (b) The erythema
reaction extends beyond the treated areas at high histamine concentrations
and is limited to perifollicular areas at low concentrations (orthogonal
polarization image). (c) Measurement of the involved area for the edema
(wheal, closed circles) and the erythema (flare, open circles) quantitatively
demonstrates the extent of both. (d) The dose-dependent induction of
inflammation after histamine iontophoresis can be demonstrated by the
amount of PGE2 extracted from the treated skin areas. Bar¼1 cm.
Error bars represent71 SD.
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being significantly attenuated (Anderson and Parrish, 1981;
Svaasand et al., 1995). The superficial capillaries responsible
for the appearance of erythema are practically invisible in this
spectral range. Deep large vessels, however, are locations of
strong light absorption due to high local concentrations of
hemoglobin. These two facts (that light can travel deeper in
the tissue and the high local concentration of hemoglobin in
the large vessels) explain the appearance of deep vessels as
dark areas in a bright background in images corresponding to
wavelengths above 600 nm. As light at longer wavelengths
penetrates deeper into the skin, different branches of the
vasculature become evident. Water molecules absorb photon
energy attributed to the vibrational overtone of the O–H bond
around 970 nm. The shadows that appear at the areas where
the electrophoresis electrodes have been applied in the
spectral image corresponding to the 970 nm band (Figure 2d)
are due to this absorption of energy by elevated concentra-
tions of extracellular fluid in the edematous areas.
Although spectral images contain information about the
concentrations of chromophores that absorb light at the
corresponding spectral bands, this information is not quanti-
tative partly due to the extensive overlap of the chromo-
phores’ absorption profiles. Therefore, it is essential to apply
algorithms to extract quantitative information (Kollias and
Baqer, 1988; Kollias et al., 1995; Stamatas et al., 2004). The
grayscale intensity value of each pixel in a spectral image
corresponds to the reflectance value of the corresponding
tissue area at the particular spectral band of the image. The
intensity values of the same pixel in images corresponding to
sequential spectral bands comprise a reflectance spectrum of
the point imaged at that pixel. The reflectance spectrum can
then be translated to optical density (absorbance). Using
curve-fitting algorithms and the extinction coefficients of the
chromophores as primary vectors, we can calculate values
for the apparent concentrations of the chromophores for each
pixel. Thus, apparent concentration maps can be constructed
for each chromophore (Figure 3). We can extract quantitative
information from these maps using image analysis. For
example, we can calculate the average value for the apparent
erythema and edema after baseline subtraction (Figure 4).
Oxy-Hb is the primary chromophore in skin responsible
for the appearance of erythema (Kollias et al., 1995).
Inspection of the oxy-Hb map (Figure 3a) shows that
erythema extends beyond the central area, where iontophor-
esis was performed. Curiously, the erythema intensity in the
central edematous area is decreased compared to the
erythema intensity of the surrounding area. The flare intensity
increased with histamine dose at low concentrations
(0–0.001% w/v), but appeared to be stabilized or even
decrease at higher concentrations (Figure 4a). This can be
attributed to attenuation of further vasodilation due to volume
constriction imposed by the edema. In the oxy-Hb concen-
tration maps subclinical erythema was present in perifolli-
cular areas even at the site where iontophoresis of 0%
histamine solution took place.
High concentrations of deoxy-Hb are related to increased
capillary blood stasis (Stamatas and Kollias, 2004) and
spectrally calculated melanin values correlate with apparent
skin pigmentation (Stamatas et al., 2004). The values and
distributions of both deoxy-Hb (Figure 3b) and melanin (not
shown) were not affected significantly by the histamine
treatment.
In the water concentration map, we can clearly observe
that extracellular water accumulation was limited to the
edematous areas (Figure 3c). As in the case of erythema
extracellular water accumulation was dose-dependent, but in
contrast to the erythema response it continued to increase
even at high histamine concentrations (Figure 4b).
Light scattering, the phenomenon that is responsible for
the re-emergence of light out of the tissue, can also serve as a
marker of the concentration of the scattering centers. In skin
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Figure 2. Spectral images at selected bands demonstrate the optical
properties of the tissue. The images corresponding to (a) 560 nm and
(b) 580 nm bands where hemoglobins absorb strongly show the extent of
histamine-induced erythema as dark areas in the image (arrows). Images
acquired at (c) 700 nm and (d) 970 nm appear to be brighter due to lower
hemoglobin absorption at these wavelengths. Large vessels, however, are
visible at these wavelengths, partly due to the high local concentration of
hemoglobin. The image at 970 nm demonstrates dark areas due to energy
absorption of the excess water in the accumulated interstitial fluid at the
edematous sites (arrows). Bar¼1 cm.
www.jidonline.org 1755
GN Stamatas et al.
In Vivo Edema Monitoring by Spectral Imaging
the major scattering centers are collagen fibers, erythrocytes,
melanosomes, nuclei, and other organelles, with collagen
fibers being the stronger scatterer in the dermis. Reduction in
the dermal scattering parameter due to ‘‘dilution’’ of the
collagen fiber concentration by extracellular water accumu-
lation in the edematous regions can be observed as dark
regions in the scattering map (Figure 3d).
Edema height profile and volume
Three-dimensional (3D) changes in the tissue surface
structure due to the edema reaction were visualized by 3D
surface profilometry. Height deviation maps in the raised
areas were calculated from baseline (Figure 5a). It can be
observed that structurally tissue swelling is fairly uniform,
covering the area of treatment. The extra tissue volume due to
lymphatic fluid accumulation in edematous sites increases
rapidly with histamine dose (Figure 5b). Similarly, edema
height at the point of maximum deviation from baseline rises
with increasing histamine concentration (Figure 5c).
DISCUSSION
We developed a novel optical imaging method to objectively
evaluate edema parameters in vivo. For the first time we
demonstrate functional imaging of an edema reaction using
characteristic absorption bands of water and hemoglobin.
This method could be applied to the clinical monitoring of
edema reactions and to better understand the mechanisms of
edema formation.
Spectral imaging methods in the visible and the NIR range
have been used before for the study of blood oxygenation
level as an indicator of tissue survival in burns (Sowa et al.,
2001) or grafts (Payette et al., 1999). Variations in spatial
distribution of hemoglobins calculated from NIR spectro-
scopic data have also been used to study brain activity (Maki
et al., 1995; Watanabe et al., 2000) and detection of tumors
in breast tissue (Shah et al., 2001). Here we used spectral
imaging to calculate distribution maps for oxy-Hb, deoxy-Hb,
melanin, light scattering, and water content as an indicator of
interstitial fluid accumulation.
Histamine iontophoresis is generally considered to be a
reliable model in the study of skin inflammatory responses
(Magerl et al., 1990; Schmelz et al., 1997b; Thomsen et al.,
2002). The local edema that is accompanied by a surround-
ing erythema is a well-understood histamine-induced re-
sponse that exhibits a dose dependence over a wide range of
concentrations. Histamine molecules are thought to stimulate
the release of vasoactive neuropeptides, primarily calcitonin
gene-related peptide (Schmelz et al., 1997a; Holzer, 1998),
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Figure 3. Chromophore concentration maps can be constructed from the
spectral images. The concentration of each chromophore can be calculated at
each pixel using spectral analysis algorithms. Higher concentration values
correspond to brighter pixel grayscale values. Grayscale bars indicate the
relationship of the displayed gray-level scale to the corresponding apparent
concentration of the chromophore that is mapped. (a) The oxy-hemoglobin
map relates to the appearance of erythema on the skin. The erythema-
involved areas appear brighter than the surrounding skin (arrows). (b) The
deoxy-hemoglobin map relates to capillary blood stasis and does not appear
to be affected by the histamine treatment. (c) In the water concentration map
extracellular fluid accumulation appears bright at the edematous areas (higher
water concentration compared to the surrounding skin; arrows). (d) In the
light-scattering intensity map, optical ‘‘dilution’’ of collagen fiber scattering
centers is shown as dark areas (lower scattering intensity value; arrows).
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Figure 4. Apparent erythema and edema intensities depend on histamine
dose. The erythema and edema intensities are expressed as change in
absorbance due to oxy-hemoglobin (erythema) and water (edema) from
baseline. (a) Apparent erythema intensity appears to increase with increasing
histamine dose up to the point where the wheal-and-flare reaction becomes
evident. Beyond this point the local accumulation of extracellular fluid
increases the extra-capillary pressure and further vasodilation is ameliorated.
(b) Edema formation appears to be directly related to the histamine dose for
the range of doses used in this experiment. Erythema and edema values were
averaged over all the subjects. Error bars represent71 SD.
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from the receptive endings of unmyelinated C-fibers, which
relax the arteriolar smooth muscles, leading to vasodilation
(Magerl et al., 1990; Schmelz et al., 1997b). In our study, the
fact that lidocaine abrogated the histamine-induced reactions
confirms that histamine acts through the neuronal pathway to
elicit vasodilation manifested as erythema. Furthermore, the
augmented permeability of the blood microcirculation leads
to increasing interstitial osmotic forces. When these osmotic
forces exceed the lymphatic edema safety factors (Taylor,
1990), they induce the onset of edema. Resolution of the
reaction over time is thought to be due to depletion of the
vasoactive neuropeptide stocks of the afferent C-fibers
(Magerl et al., 1990). Indeed, depletion of neuropeptide
content with capsaicin significantly reduces the histamine-
induced wheal-and-flare reaction (Weisshaar et al., 1998).
Interestingly, we observed a reduction in erythema over
the areas that exhibited edema compared to the surrounding
erythematous area (flare). This may be explained by the fact
that interstitial fluid accumulation in the edematous areas
exerts pressure on the involved tissues. Although neuropep-
tide-induced relaxation of the arteriolar smooth muscles
persists, there is limited space for further dilation of the blood
vessels. Moreover, the local primary lymph vessels respon-
sible for interstitial fluid drainage are constricted due to tissue
volume expansion and therefore drainage is impaired.
As the arteriolar smooth muscle cells relax, the capillary
wall can accommodate higher capillary pressure, leading to
an increase in capillary diameter. The latter is clinically
evident by an increase in erythema. Taylor (1981) has shown
that the lymphatic system can accommodate moderate
increases in capillary pressure without increase in interstitial
volume (i.e. without edema) by initially increasing the lymph
flow rate and later by increasing the tissue fluid pressure and
the tissue osmotic pressure. After a critical value of the
capillary pressure, the ‘‘lymphatic edema safety factors’’ are
unable to restrain interstitial fluid accumulation and edema.
The results presented in this study are in agreement,
considering that increased hemoglobin concentration is
related to vasodilation due to increased capillary pressure,
that is, at low histamine concentrations erythema increases
without any edema. After the edema threshold is exceeded,
extracellular water accumulation becomes evident in the
water absorbance map.
In our study, reduction in dermal scattering was evident in
the edematous areas. Collagen fibers are considered to be the
primary contributor to dermal scattering. Accumulation of
interstitial fluid in the dermis can influence the density and
distribution of collagen fibers, which affects the light-
scattering characteristics of the tissue (Welzel et al., 2003).
Indeed, OCT studies on skin have shown that the transpar-
ency of the dermis increased after injections of glycerol due
to decreases in dermal scattering (Vargas et al., 1999).
In this study, we measured edema-related parameters on
the skin of fair-complexioned individuals. Preliminary data
suggest that the method works on pigmented skin as well.
The images needed for the water content calculations
(edema maps) are not affected significantly by the presence
of melanin, since melanin absorption is low for NIR
wavelengths. Erythema calculations may be affected more
because melanin contribution to the absorption spectrum
is significant in the visible range. However, we have
evidence that the algorithm for chromophore calculation
can be used to measure quantitatively erythema (e.g., after
UV irradiation) in heavily pigmented skin (Kollias et al.,
1994, 1996).
In conclusion, we have demonstrated the feasibility of
spectral imaging at selected wavelength bands as a non-
invasive technique for monitoring edema-related parameters
in vivo. Quantitative information about the extent and
intensity of the wheal-and-flare reaction can be easily
extracted from the chromophore maps calculated from
spectral image stacks. The method can be used to study the
development of erythema/edema reactions, as well as to
monitor the progress of healing during a treatment period.
The portability and ease of use of spectral imaging make
it an attractive alternative to invasive or more expensive
methods.
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Figure 5. Three-dimensional (3D) surface profilometry reveals
quantitatively the dose-dependence of edema-related structural changes.
(a) Geometric parameters can be calculated from the profilometry
data represented as 3D height deviation maps. Height deviation in mm
has been color-coded as shown in the color bar. (b) The tissue volume
expansion due to histamine-induced edema is dose-dependent. (c) The
maximum height deviation of the edematous area from baseline is
also dependent on the histamine dose.
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MATERIALS AND METHODS
Clinical protocol
An independent review board (Hilltop Research, Dallas, TX)
approved the study protocol and all clinical investigation was
conducted according to the Declaration of Helsinki Principles. Eight
healthy individuals (males, 20–40 years of age, fair complexioned,
skin types II–IV) volunteered to participate after giving informed
consent. We induced cutaneous edema on the ventral side of the
forearm by iontophoretic application of aqueous histamine dihy-
drochloride (Sigma, St Louis, MO) using a Phoresor II (Iomed, Salt
Lake City, UT). Direct current of 0.5 mA (below pain sensation
threshold) was applied for 30 seconds. The size of the electrode was
2.2 1.8 cm. We selected histamine doses to elicit a range of
reactions from none to significant edema (0, 0.0001, 0.001, 0.01,
0.1% w/v). For the blocking experiment 2% lidocaine solution was
applied to the forearm skin areas 30 minutes before histamine
iontophoresis.
Prostaglandin E2 (PGE2) evaluation
We assessed skin PGE2 levels prior to and 20 minutes after
administration of histamine following the method of Perkins et al.
(2002). Sebutape strips (CuDerm Corporation, Dallas, TX) were
applied on the skin sites of interest for 1 minute. PGE2 was extracted
from the tapes and its concentration was determined using an
enzyme-linked immunosorbent assay kit (Assay Designs, Ann Arbor,
MI). We normalized PGE2 concentration values to total protein
content per sample.
Spectral imaging
In spectral imaging, information about the spatial distribution of
particular molecules of interest is extracted from the spectral
properties of the diffusely reflected light in the imaged tissue. As a
beam of light comes in contact with a biological tissue, a small
fraction of the total incident photons (about 4%) bounces back as
specular reflectance, a phenomenon characterized by the Fresnel
equations (Hecht and Zajac, 1997). Specular reflectance does not
contain any spectral information of the imaged tissue and can be
avoided using polarization filters in both the illumination and the
detector placed with the polarization plane orthogonally to each
other (Anderson, 1991; Kollias, 1997). The part of light that enters
the tissue may either be absorbed by chromophores in a wavelength-
dependent manner or change direction of propagation during a
scattering event. Following sufficient number of scattering events,
part of the light that has not been absorbed may find its way back out
of the tissue. It is this diffusely reflected light, which contains
information about the tissue optical properties (Anderson and
Parrish, 1981), that is captured by the spectral imaging camera.
Spectral imaging was performed using a custom-made camera
(Hypercam Imaging System, FORTH-Photonics, Athens, Greece)
with 18 narrow band filters (full-width at half-maximum of 10 nm) in
the wavelength range of 400–970 nm and three broadband filters in
the red, green, and blue spectral regions. The red, green, and blue
images were combined to compose a color image. The imaging
detector was an 8-bit CCD camera with 1024 768 pixels. The field
of view was 16 12 cm, resulting in a final image resolution of
0.156 mm/pixel for both x and y axes. Polarized light for illumination
was provided by a filtered incandescent lamp (model v600, Syris
Scientific, Gray, Maine). We placed a linear film polarizer in front of
the camera lens with its plane orthogonal to the plane of polarization
of the illumination light in order to remove artifacts due to specular
reflections (Anderson, 1991). We acquired a series of spectral images
of each treated forearm at different wavelengths in the visible and
NIR spectral range. Each series comprised a hyperspectral image
stack. The images in the stack were aligned using a modified
algorithm based on minimization of distance in the Fourier domain
(Xie et al., 2003). Each pixel in the hyperspectral image stack
represented a remittance spectrum. Absorption spectra were
calculated for each pixel as the negative logarithm of the image of
interest to the image at 850 nm, where water, melanin, and
hemoglobin absorptions are negligible. Normalization to the image
at 850 nm also results in minimizing artifacts due to contours. After
these calculations, the resulting series of images constitutes the
hyperspectral absorption image stack, where each pixel corresponds
to an absorbance spectrum.
Erythema evaluation
We evaluated erythema intensity using spectral imaging in the
visible range. We calculated oxy-Hb and deoxy-Hb concentrations
from the absorbance spectra after correction for melanin and
scattering contributions according to a previously described algo-
rithm (Kollias and Baqer, 1988; Wagner et al., 2002; Stamatas et al.,
2004). Briefly, the apparent concentration of melanin was calculated
from the slope of the absorption curve in the region 630–700 nm.
Then the absorption spectra were corrected for the melanin
contribution and were fitted for oxy-Hb and deoxy-Hb in the region
560–580 nm, where hemoglobins exhibit maxima. The contribution
of deoxy-Hb absorption in the region 630–700 nm was taken into
account and was subtracted from the initial estimation of melanin
concentration. The process of correcting the absorbance curve for
melanin and fitting for oxy-Hb and deoxy-Hb in the 560–580 nm
region was repeated a second time. These concentration values of
oxy-Hb and deoxy-Hb were finally recorded. We refer to the
calculated concentrations as ‘‘apparent’’ because they are based on
light absorption curves and are given in relative units. They are
expected to be linearly related to the ‘‘absolute’’ concentrations of
hemoglobins in units of mass per volume of tissue. Due to the
inhomogeneous nature of the tissue, such absolute units do not
represent the reality and may be confusing. We used oxy-Hb values
as a measure of erythema intensity. Using the absorbance
hyperspectral image stack described in the previous paragraph, we
calculated oxy-Hb, deoxy-Hb, melanin, and scattering values by
applying the above-mentioned algorithm to the absorption spectrum
corresponding to each pixel. Finally, we created distribution maps
for each chromophore, in which the gray-scale intensity corre-
sponded to the calculated chromophore values. Each chromophore
map is a quantitative representation of the special distribution of the
contribution to radiation absorption by the corresponding chromo-
phore. Assuming that the contribution to light absorption is
proportional to the chromophore concentration, the chromophore
maps can be considered as quantitative representations of the
chromophores’ concentrations. We considered the oxy-Hb map to
represent a quantitative map of erythema involvement. Apparent
oxy-Hb concentration values were averaged over a region of interest
of fixed size, corresponding to the size of the iontophoresis
electrode, for each subject and at each treated site. The apparent
concentration of oxy-Hb corresponding to the neighboring untreated
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skin sites was subtracted and the resulting values were averaged over
all the subjects to calculate the erythema intensity corresponding to
each histamine concentration.
Edema evaluation
We used the spectral images acquired at 850 and 970 nm to
generate water absorbance maps. These maps were calculated as
the negative logarithm of the pixel intensity values of the image at
970 nm, where water has an absorption maximum, normalized to
the corresponding pixel intensity values of the image at 850 nm.
Similarly to erythema evaluation, the amount of NIR radiation
absorption at 970 nm was assumed to be proportional to water
content in the tissue. The absorbance map at 970 nm can be
considered as a quantitative map of water accumulation in the
tissue and therefore of edema. Apparent water concentration
values were averaged over a region of interest of fixed size,
corresponding to the size of the iontophoresis electrode, for each
subject and at each treated site. The apparent water concentration
corresponding to neighboring untreated skin sites was subtracted
and the resulting values were averaged over all the subjects to
calculate the edema intensity corresponding to each histamine
concentration.
Edema volume and height measurements
Three-dimensional features of edematous skin areas were evaluated
by surface profilometry using a noncontact optical scanner (model
PRIMOS, GF Messtechnik GmbH, Berlin, Germany) based on fringe
pattern projections. The field of view was 32 32 mm, resulting in a
surface resolution of 31.25 31.25 mm/pixel. The vertical resolution
(z-axis) was 3mm. We analyzed the acquired digital surface profiles
for maximum edema height and edematous volume using a custom
software program written in IDL programming language (RSI,
Boulder, CO). First, a region of interest was defined on the digital
3D shell that included the raised area of the edema. Then, a second-
order polynomial surface was fit at the edges of the region of interest
to account for the curvature of the arm and finally a height deviation
map was calculated as the distance of each pixel from the fitted
surface. We calculated the maximum edema height as the maximum
deviation and the edematous volume as the two-dimensional
integral of the deviation values over the raised area.
Statistical analysis
Results are given as mean71 SD. Comparisons between groups
were analyzed by two-sided t-test for paired data sets or analysis of
variance with Newman–Keuls post hoc test for data sets with more
than two subgroups. Statistical significance was considered for
Po0.05.
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SUPPLEMENTARY MATERIAL
Figure S1. The absorption profiles characteristic of the major skin
chromophores.
Movie S1. A series of spectral images (hyper-spectral image stack) of
histamine-treated forearm.
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